As world reserves of conventional oil keep decreasing, there is greater incentive to further develop the Athabasca oil sands of Alberta (Canada). Oil sands being composed of coarse sand, silt and clay solids (80 85%), bitumen (5 15%) and water (1 5%), complete extraction of bitumen from such heterogeneous mixtures is not easy. Studies have shown the adverse effects of some types of mineral solids on bitumen recovery. Quantitative analysis of the elemental composition of mineral solids in ores is then of great importance to the oil sands industry. Two calibration protocols were developed here and implemented for accurate determination of major and minor elements in oil-sand solids by wavelength dispersive X-ray fluorescence (WDXRF) analysis using a fusion-based procedure. Commercially available standards do not span the ranges of element concentrations found in the mineral solids from oil sands. As such, calibration standards for seventeen elements were then designed by mixing pure synthetic oxides or geological reference materials, in order to mimic the elemental concentrations of oil-sand solids fractions. Measurement conditions were optimized to ensure best signal-to-background ratio and minimum line overlap. The limit of detection, calibration ranges and uncertainty errors of the resulting calibration curves are reported, showing excellent precision and accuracy even without matrix-effects correction. Application to analyze a suite of oil sands samples showed that the elemental concentrations of Ti and Zr in problematic solids components correlated well with the concentration of these elements in the entire mineral solids content present in the ores. This observation might be relevant for the development of elemental compositions-based processability markers to identify problem ores yielding poor extraction performance in commercial operations.
INTRODUCTION
Oil sands are heterogeneous mixtures comprising 80 85% mineral solids (coarse sand, silt and clay), 5 15% bitumen and 1 5% water. Complete recovery of bitumen from the ore is often difficult to achieve. Ideally, the bitumen is separated from the inorganic mineral matrix by a layer of interstitial water, allowing it to be easily However, a water-wet mineral condition is not universal to all oil reservoirs (McCaffery and Bennion, 1974; Berkowitz and Speight, 1975; Clementz, 1976) . In oil sands deposits, the lack of water wettability arises because of the presence of toluene insoluble organic matter (TIOM) (Greenland, 1971; Parfitt, 1978; Fysh et al., 1983; Cavallero and McBride, 1984) . TIOM can exist as a surface layer strongly adsorbed on individual particles or as the binding agent in porous aggregates of clay and mineral particles. Inorganic cementing materials (carbonates, iron oxides, etc.) can also act as binding agents for the clays and other mineral components.
We have developed a procedure for the separation of such organic-mineral complexes from oil sands. We refer to this component as ) (Kotlyar et al., 1988 (Kotlyar et al., , 1998 Sparks et al., 2003) . The presence of TIOM on the external surfaces and within the pores of ORS particles/aggregates provides potential sites for sorption and fixation of bitumen. During extraction processes for bitumen recovery, the ORS component of oil sands can therefore be responsible for significant bitumen losses with certain ore types. Characterization of the mineral solids in ORS is then of great importance in view of the detrimental effect that ORS can have on the processability of oil sands.
However, the technique for separation of ORS is tedious, labor intensive and very time consuming. As the ORS content accounts for~1 5 wt% of an oil sands sample, in practice treating 10 g of ore to separate its ORS provides only small amounts of material (~100 500 mg). On the other hand, oil sands samples are analyzed routinely by industry for geological assessment of drilled cores to determine the bitumen, water and solids contents of the ore using the standard Soxhlet-Dean and Stark extraction method (Bulmer and Starr, 1974) . The extracted mineral solids produced by this technique are referred to as bitumen free solids (BFS). The BFS represent the entire solids content of an oil sands ore. Unlike ORS, BFS are thus readily obtained in larger amounts and their separation using Soxhlet-Dean and Stark extraction is much less complicated than ORS separation.
In this work, we develop X-ray fluorescence (XRF) calibration protocols for accurate elemental quantification of mineral solids in ORS and BFS. We then apply these results to examine the metal concentrations in a suite of oil sands ore samples. These same samples have been characterized in detail previously to assess the potential impact that mineralogy and size distribution of clays may have on bitumen recovery (Mercier et al., 2008) . Our aim here is to find correlations between the elemental compositions of ORS and BFS. If such correlations were established, it may lead to the development of elemental compositions-based processability markers to identify problem ores yielding poor bitumen recovery ahead of extraction in commercial operations.
EXPERIMENTAL

Separation
To separate the BFS, oil sands samples were extracted using the standard Soxhlet-Dean and Stark method with toluene as the solvent (Bulmer and Starr, 1974) . The ORS fraction was separated from each oil sands using the following procedure. Toluene (~20 g) and distilled water (~60 g) were added to an ore sample (~10 g) in a glass jar (100 mL) with a well-sealed screw cap. The resulting mixtures were then mixed vigorously for 0.5 min using a Spex Mixer, followed by centrifugation for 20 min at 2100 rpm. Three layers were produced after centrifugation: (1) a densely packed sediment of residual solids at the bottom of the container; (2) an intermediate (middlings) layer, comprising solids in aqueous suspension; and (3) a top layer of bitumen-toluene solution and associated solids. After removal of the top layer by skimming with a spatula, the agitation and centrifugation treatments were repeated with successive aliquots of fresh distilled water and toluene until no more bitumen was separated. The combined bitumen-toluene top-layer fractions, the middlings and the bottom-layer sediments were then individually washed with toluene until free of soluble components. The three types of resulting bitumen-free materials were then separated into ORS and hydrophilic solids fractions by manually shaking the samples in jars containing toluene (15 g) and distilled water (60 g). The ORS material forms a distinct e layer at the solvent/water interface that can be easily separated with a spatula. If necessary, i.e. when a rag layer did not form after manual shaking of the samples, the mixtures were centrifuged for 5 min at 2100 rpm. Separated ORS was repeatedly washed with fresh toluene/water mixtures to remove any weakly attached or occluded hydrophilic solids.
Sample preparation
The lithium borate fusion method was chosen for its excellent repeatability to prepare both ORS and BFS specimens and corresponding standards for XRF analysis. For ORS, 100 mg of sample was mixed with 7 g of flux. The type of flux used was Claisse 66.67%Li 2 B 4 O 7 32.83%LiBO 2 0.5%LiBr. For BFS, 1 g of sample was mixed with 7 g of flux. In this case, the type of flux used was Claisse 49.25%Li 2 B 4 O 7 49.25%LiBO 2 0.5%LiBr. The mixtures were fused with a Claisse M4 three-position gas fluxer producing good quality 32-mm beads.
Instrumentation
An automated Bruker AXS S4 Pioneer was used to analyze all of our specimens. The S4 pioneer is a 4kW sequential wavelength-dispersive X-ray fluorescence (XRF) spectrometer using a Rhanode X-ray tube with 75 thin Be end window. All the measurements were done under vacuum mode using a 28 mm mask and a 0.23 degree collimator. All elements (Table 1) were analyzed using K 1 analytical lines, except for Pb where the L 1 line was used. Table 2 lists the certified reference materials selected to build a calibration to analyze ORS-type materials. These standards were purchased from USGS (United States Geological Survey), NIST (National Institute of Standards and Technology), and CNRS (Centre National de la Recherche Scientifique). For Fe, Ti and Zr, Table 1 shows that these standards do not span the ranges of element concentrations typically found in the ORS fraction of oil sands. As Fe, Ti and Zr are three major elements typically found in ORS, the concentration ranges of the calibration standards needed to be extended for an accurate quantification of these elements in ORS. To achieve this goal, a few certified reference materials were selected and then mixed with various concentrations of high purity reagent grade oxides of Fe, Ti and Zr (99.999%TiO 2 , 99.999%Fe 2 O 3 and 99.99%ZrO 2 ). Concentration ranges of TiO 2 , Fe 2 O 3 and Zr were expanded to 30 wt%, 60 wt% and 148000 ppm (14.8 wt%), respectively. Blending geological references with pure oxides has been studied and shown to yield accurate results (Nakayama and Nakamura, 2008) . The mixtures were homogenized with a high intensive shaker for 5 minutes. All 39 reference materials plus 14 mixed standards specimens were prepared by the fusion method described above. Calibration curves for selected elements in ORS are shown in Figure 1 . Data points are narrowly distributed around the fitted linear-regression calibration lines, which were built by plotting net intensity count rates as function of certified compositions. Table 1 gives the ranges of validity of the resulting calibration curves and their associated 1 standard uncertainty (s.u.) measurement errors for each of the elements analyzed. The green arrows shown in Figure 1 illustrate the extension of concentration ranges for Fe, Ti and Zr obtained by mixing geological standards with pure oxides to cover the element concentrations found in the ORS.
RESULTS AND DISCUSSION
Calibration for ORS
The accuracy of the calibration for ORS was tested by selecting 10 certified reference materials that were not included to derive the linear-regression curves. We then evaluated the elemental concentrations of these standards using the newly developed calibration for ORS and compared the results against the certified compositions. The standard deviation (SD) values of differences between determined and certified concentrations for these 10 standards were evaluated (Table 1) . For all elements where it was possible to do so, the accuracy test SD values were always smaller or equal to the 1 s.u. errors corresponding to the precision of element-concentration determination using our calibration for ORS. Although these calibration curves were built without matrix-effects correction, the accuracy test showed elemental analysis results that were accurate to within the precision of the determination using the calibration for ORS. Table 2 . List of certified reference materials used in this study. 
Calibration for BFS
BFS contain SiO 2 and Al 2 O 3 as major oxides in the range of 90 100 wt% and 0 5 wt% respectively. Other minor elements such as Mg, Ca, Ti, Cr, Mn, Fe, Ni, Zr, Zn and K are found in levels ranging from 0 10,000 ppm. The authors could not find any certified reference materials that cover these ranges of concentrations found in BFS (Table 3) . Consequently, a set of 23 calibration standards was created from mixtures of high purity reagent grade oxides (>99.99% purity). XRF calibrations based on synthetic standards made from pure compounds prepared by the borate fusion method have been studied in detail elsewhere and shown to yield accurate results (Staats, 1990; Sieber, 2002) . In this study, each synthetic standard was prepared from pure oxide mixtures carefully weighed, mixed and then homogenized by wet grinding using a McCrone Micronizing Mill. 10 g of oxide mixtures were mixed with 25 mL of isopropanol and then micronized for 5 min. The ground mixtures were air dried for 24 hrs. Sample preparation for both synthetic standards and BFS samples was done by the fusion procedure described above. By micronizing, the standards mixtures and BFS samples were homogenized and the particle sizes were also reduced, which helped producing good quality fused beads. The importance of micronizing is shown in Figure 2 , where example calibration curves built for Zr with unmicronized samples (Fig. 2a) are compared with the ones derived with micronized standards (Fig. 2b) . Three beads were fused and analyzed for each of the standards to check the repeatability of the results. It is very clear that the scatter of data points for unmicronized standards is much greater. By micronizing, we were thus able to considerably reduce this scatter, hence demonstrating that the results were clearly more repeatable using careful sample preparation. The end-result benefit of micronizing was that the 1 s.u. measurement errors (Table 3 ) of the resulting calibration curves for BFS (Fig. 1) were significantly reduced for each element analyzed, yielding highly precise determination of elemental concentrations in BFS. 
Application to analysis of mineral solids in oil sands ore
The trends in changes of Zr and Ti contents in BFS and ORS were examined specifically for a suite of oil sands samples (Mercier et al., 2008) . As shown in Figure 3 , our main observation indicated a somewhat linear correspondence of the elemental concentrations of Ti and Zr in ORS with those in BFS. The correlation is stronger for Zr than it is for Ti, but this is only preliminary. More experimental data on a larger number of oil sands is required to further confirm and more firmly establish this finding. If these trends hold true, then either Ti or Zr could be used as markers for the ORS component of oil sands. As explained above, the ORS fraction can have a detrimental effect on many aspects of extraction performance in processing oil sands for bitumen recovery. However, separating the ORS from an ore sample is difficult and time-consuming, so this procedure cannot possibly become a practical processability marker to implement in industrial settings. The merit of the correlations noted for Zr and Ti concentrations between ORS and BFS fractions, is that it might lead to the development of & % ' s to evaluate the content and properties of ORS without having to perform time-consuming wet-chemistry separation of this component. Indeed, the BFS fraction representing the entire mineral solids content of an ore is already routinely separated in commercial operations using Soxhlet-Dean and Stark extraction. We have shown that highly precise and accurate elemental compositions of both BFS and ORS samples can be achieved even without matrix-effects correction. We hope that the XRF calibration protocols developed and tested in the present work will be adopted by oil sands researchers and industry operators to improve ore characterization methodologies and perhaps develop elemental compositions-based markers to predict extraction performance. Ti in ORS (wt%)
